Flagellin (fliC) genes of 12 Shigella boydii and five Shigella dysenteriae strains were characterized. Though these strains are nonmotile, the cryptic fliC SB gene, cloned from S. boydii strain C3, is functional for expression of flagellin. It consists of 1,704 bp, and encodes 568 amino acid residues (57,918 Da). The fliC SD gene from S. dysenteriae strain 16 consists of 1,650 bp encoding 549 amino acid residues (57,591 Da) and contains an IS1 element inserted in its 3' end. The two genes are composed of the 5'-constant, central variable and 3'-constant sequences, like other known fliC genes. The two genes share high homology in nucleotide and amino acid sequences with each other and also with the Escherichia coli fliC E gene, indicating that both genes are closely related to the fliC E gene. Comparison of the central variable sequences of six different fliC genes showed that the fliC SB and fliC SD genes share low homology in amino acid sequence with the other fliC genes, suggesting that they encode antigenic determinants intrinsic to respective subgroups. However, Southern blotting using as probes the central variable sequences of several fliC genes showed that four of 12 S. boydii strains have a fliC gene similar to that of Shigella flexneri, and that among five fliC genes from S. dysenteriae strains, one is similar to that of S. flexneri, two are similar to that of S. boydii, and only one is unique to S. dysenteriae. Some of these variant alleles were verified by immunoblotting with flagellins produced from cloned fliC genes. The presence of variant fliC alleles in S. boydii and S. dysenteriae indicates that subdivision into subgroups does not reflect the ancestral flagella H antigenic relationships. These data will be useful in considering the evolutionary divergence of the Shigella spp..
INTRODUCTION
Shigella is a pathogen that causes shigellosis in humans and certain other primates (Maurelli and Sansonetti, 1988) . The genus Shigella is composed of four subgroups; S. dysenteriae, S. flexneri, S. boydii, and S. sonnei, and each subgroup includes various serotypes for somatic antigens. Most strains in these subgroups share 80% or more of their nucleotide sequences, and they also share the same extent of relatedness with Escherichia coli strains (Brenner et al., 1973) . Salmonella enterica serovar Typhimurium, the most intensively studied bacterium next to E. coli, is the nearest relative of strains in these two genera (Ochman and Wilson, 1987) . Although there is little evolutionary divergence among the three genera, one remarkable difference among them is the flagellar gene system: E. coli K-12 constitutively expresses one fliC gene encoding flagellin, the only component of a flagellar filament, and S. enterica serovar Typhimurium LT2 alternatively expresses the two flagellin genes, fliC and fljB, by the phase variation mechanism (Lederberg and Iino, 1956) , while strains of Shigella subgroups are generally thought to be nonmotile on account of flagellar loss (Ewing, 1949) . In some Shigella strains cryptic flagellin genes have been detected and characterized (Tominaga et al., 1994) , showing that the fliC gene of S. flexneri shares high homology with the E. coli fliC gene while that of S. sonnei is highly homologous to the S. enterica serovar Typhimurium fliC gene in the operator sequence and part of the coding sequence. Its expression is repressed by FljA, which is the repressor for the fliC gene in the phase variation mechanism of S. enterica serovar Typhimurium (Silverman et al., 1979; Hanafusa et al., 1993) . On one hand, it was reported that prototypic strains of the four Shigella subgroups are pauci-flagellate and show poor motility (Girón, 1995) ; that is, the flagellar gene system is intact in these strains. The other report showed that the loss of flagellation in S. dysenteriae and S. flexneri is probably due to IS-insertion mutations in the flagellar master operon (Al Mamun et al., 1996) . The defects of the flagellar system in the Shigella subgroups should be clarified.
In the flagellar regulon of E. coli and S. enterica serovar Typhimurium, the fliC gene belongs to class 3, the last class in the flagellar transcriptional hierarchy (Komeda, 1986; Kutsukae et al., 1990) . Consequently, mutations in this gene have no effect on expression of other operons, and so mutations can be accumulated and the resultant gene expresses a functional flagellin unless mutations damage the ability of flagellin to form a filament (Kuwajima, 1988; Yoshioka et al., 1995) . Moreover, filaments are recognized as good antigens by the host immune system, and antigenic variants produced by mutations may have selective advantage for survival. It is of interest to know what kinds of antigenic specificity are encoded by Shigella fliC genes, whether they are cryptic or expressed. The central region of fliC genes is variable (Joys, 1985; Wei and Joys, 1985; Tominaga et al. 1994) , and is permissive for the above mutations and contains antigenic determinant(s) specific to each gene. The constant regions of the C-and N-terminal regions share high homology among fliC genes of different species in the same genus or of the three genera described above (Brenner et al., 1973; Tominaga et al., 1994) . Among the four subgroups, S. boydii and S. dysenteriae have not yet been examined at the molecular level for the presence or defectiveness of flagellin genes. In this report we examine the motile ability in many strains of these two subgroups at first, and then two fliC genes cloned from each subgroup are sequenced, and finally the presence of variant fliC alleles in these subgroups is examined by Southern blotting.
MATERIALS AND METHODS
Strains, phage and plasmids Most bacterial strains used are listed in Table 1 . M13mp18 (Messing, 1983) was used for the sequencing. Plasmids pKSF503 and pKSS608 carry the fliC gene from S. flexneri strain IID642 (serotype 2a) and S. sonnei strain IID969, respectively (Tominaga et al., 1994) . Plasmids pHW104 (Hanafusa et al., 1989) and pHIF101 (Okazaki et al., 1993) carry the fliC gene from E. coli K-12 and S. enterica serovar Typhimurium LT2, respectively. pSK131 carries the S. enterica serovar Abortus-equi fljA gene (Hanafusa et al., 1993 ).
Media and anti-H (flagellum) antibodies TLY broth, nutrient agar, and nutrient semisolid agar (NSS) were as described (Enomoto et al., 1983) . Nutrient soft agar, containing 0.175% agar in Luria broth (Girón, 1995) , was used for the motility test of Shigella strains. Chloramphenicol (Sigma Chemical Co.) and ampicillin (Sigma) were used at final concentrations of 12.5 and 50 µg/ml, respectively. Anti-H SB antibody was prepared using flagella detached from E. coli transformed with plasmid pFSB1 (see text) as described previously (Tominaga et al., 1994) . Anti-H SF and Anti-H SS antibodies were described previously (Tominaga et al., 1994) .
Motility test
The motility test with Shigella strains was carried out in glass vials at 30°C and 37°C according to the method described (Girón, 1995) . Inocula were observed every 24 h for 120 h.
DNA manipulation, Southern blotting and sequencing Genomic DNA was prepared by the methods described . Isolation of plasmid DNA, construction of recombinant plasmids, restriction analysis of cloned fragments and transformation were performed using standard methods (Sambrook et al., 1989). Restriction endonucleases, T4 DNA ligase, Klenow fragment, exonuclease III, and mung-bean nuclease were purchased from Takara Shuzo Co. and used as recommended. DNA fragments used as probes for Southern blotting (Southern, 1975) were labeled by the random primed method (Feinberg and Vogelstein, 1983) with digoxigenin-labeled dUTP using a labeling kit (Boehringer Mannheim). Hybridization was performed using standard methods (Sambrook et al., 1989) at high stringency, and hybrid bands were detected by the digoxigenin-enzyme-linked immunosorbent assay method (Feinberg and Vogelstein, 1983 ) with a detection kit (Boehringer Mannheim). Colony hybridization was performed as described previously (Komoda et al., 1991) . Nucleotide sequences were determined using a dye terminator cycle-sequencing ready-reaction kit (Applied Biosystems). Fragments containing the fliC gene were inserted into M13mp18 in both directions and were deleted stepwise using exonuclease III and mung-bean nuclease (Henikoff, 1987) . A series of deletion plasmids was used for sequencing. Nucleotide and amino acid sequences were analyzed using GENETYX information processing software (Software Development Co. Tokyo, Japan).
SDS-PAGE and immunoblotting
Preparation of flagellin samples and the procedures for electrophoresis and immunoblotting were described previously (Tominaga et al., 1994) 
RESULTS

Motility test
Twelve S. boydii and five S. dysenteriae strains used in this experiment (Table 1) were tested for motility. All the strains grew only inside the stabbed sites and did not produce any swarm (motile clone) or any dotted microcolony temporarily motile clone. Thus, we concluded that all the S. dysenteriae and S. boydii strains tested are nonmotile.
Cloning and characterization of the fliC genes from S. boydii and S. dysenteriae The cryptic fliC genes of 12 S. boydii strains were examined by Southern blotting with probe G SF ( Fig. 1) , which encodes the entire fliC gene from S. flexneri. The BamHI digest of genomic DNA showed a single hybrid band of approximately 7-kb for all the strains except C12, which showed no band ( Fig.  2A) . BamHI fragments corresponding to the 7-kb band from strain C3 were cloned into pBR322 (Bolivar et al., 1977) and recombinant plasmids were screened by colony hybridization with probe G SF . The plasmid with a 7.2-kb BamHI fragment, pBSB1 (Fig. 3A) , was transformed into strain EJ2081 (∆fliC) for the motility test; the transformant was poorly motile in NSS medium, in which it formed a small dotted swarm, but when plasmid pFSB1, a mini F (Nohno et al., 1986) derivative with the same insert fragment as pBSB1, was tested to avoid an effect of gene dosage, the transformant produced a normal swarm, indicating that the cloned fliC gene is functional.
To test whether the cloned fragment carries other flagellar genes, pBSB1 and its derivatives carrying subcloned fragments were transformed into E. coli with mutation fliA and fliD genes [both of these genes flank the fliC gene in E. coli (Komeda et al., 1980) ]. pBSB1 complemented the fliA and fliC mutations, while pBSB2, carrying the 2.5-kb BamHI-EcoRI fragment, complemented only the fliC mutation (Fig. 3A) . pBSB2 was used for sequencing as described below and was shown to include the 5' end of the fliD gene. Next, the cloned fliC gene was tested as to whether its expression is sensitive to the Salmonella FljA repressor (Silverman et al., 1979; Tominaga et al., 1994) . When the ∆fliC strain was transformed with pFSB1 and pSK131 (Hanafusa et al., 1993) carrying the fljA gene, it stayed motile in NSS medium, but when the same strain was transformed with pHIF101 (Okazaki et al., 1993) , carrying the S. enterica serovar Typhimurium fliC (fliC S ) gene, and pSK131, it became nonmotile (data not shown). Expression of the S. boydii fliC gene is thus insensitive to the FljA repressor, like the E. coli fliC (fliC E ) gene (Hanafusa et al., 1989) .
Since S. dysenteriae strain 16 does not have a functional fliC gene , the presence of the cryptic fliC gene was examined by Southern blotting with probe G SF as above. For strain 16, a single hybrid band approximately 8-kb long was detected in the BamHI digest, and the other strains, A1 to A3 and A5, showed hybrid bands 7.2-to 21-kb long (Fig. 4A ). The plasmid with the 8-kb BamHI fragment from strain 16, pKSD402, was mapped for restriction sites and subcloned (Fig.  3B) . Probe G SF hybridized with pKSD403, but not with pKSD404, suggesting that the 3.8-kb fragment of pKSD403 carries the entire fliC gene from strain 16. pKSD402 and pKSD404 were found to carry the functional fliA gene by the complementation test described above (Fig. 3B ).
Sequence analysis of the fliC genes from S. boydii and S. dysenteriae The fliC (fliC SB ) gene from S. boydii strain C3 was sequenced using the 2.5-kb BamHI-EcoRI fragment of pBSB2, and the fliC (fliC SD ) gene from S. dysenteriae strain 16 was sequenced using the 3.8-kb BamHI-EcoRI fragment of pKSD403. For the fliC SB fragment, nearly 2,500 bp were sequenced, and thereby one complete and one incomplete open reading frame (ORF) with divergent promoters were detected. The incomplete ORF (221 bp) shared 97% homology with the corresponding region of the E. coli fliD gene (Hanafusa et al., 1989) (data not shown). The complete ORF was concluded to be the fliC SB gene based on the complementation test (Fig. 3A) and high homology to the known sequences of other fliC genes (Hanafusa et al., 1989; Tominaga et al., 1994) . The fliC SB gene consists of 1,704 bp encoding 568 amino acid residues (57,918 Da), and is thus the largest known Shigella fliC gene (Tominaga et al., 1994) . In Table 2 , each of the 5'-and 3'-constant sequences of the six fliC genes so far examined in this laboratory is compared pairwise with the others. Four fliC genes from Shigella are cryptic but produce functional flagella in the ∆fliC strain, except the fliC SD gene as described below. The fliC SB gene shares more than 90% nucleotide and amino acid sequence homology with the fliC E gene, but shares much lower homology with the fliC S gene. In addition, the upstream (120 bp) and downstream (240 bp) noncoding regions of the fliC SB gene share 99% and 85% homology with the corresponding sequences of the fliC E gene, but share only 60% and 26% homology with those of the fliC S gene (data not shown). These results demonstrate that the fliC SB gene is closely related to the fliC E gene.
For the fliC SD fragment, approximately 3,300 bp were sequenced. It contained a large putative fliC gene and part of the fliD gene, like the fliC SB fragment. The 5' and 3' sequences of the putative fliC SD gene are highly homologous to those of the fliC E and fliC SB genes ( Table 2) . The central region, about 1,600 bp exclusive of the flanking constant sequences, is too large for the usual fliC gene whose size is 700 to 900 bp. A 768-bp IS1 element was detected between positions 1320 and 2087 (numbering from the first nucleotide of the fliC SD gene), and the 9-bp target sequence was also detected at both ends. The 768-bp sequence, except 6-bp substitutions, was identical to that of IS1D reported previously for S. dysenteriae (Ohtsubo et al., 1981) . Exclusive of the sequences of the IS1 and its duplicated target, the fliC SD gene consists of 1,650 bp, encoding 549 amino acids (57,591 Da). In addition to the high homology of the constant sequences, the upstream (120 bp) and downstream (233 bp) noncoding regions of the fliC SD gene share 99% and 83% homology with the respective sequences of the fliC E gene, but only 56% and 27% homology with those of the fliC S gene (data not shown), indicating that the fliC SD gene is also closely related to the fliC E gene.
Characterization of the fliC genes in other S. boydii and S. dysenteriae strains As described above, S. boydii strain C12 did not show any hybrid band with probe G SF ( Fig. 2A) , and the S. dysenteriae strains showed different size of hybrid bands with probe G SF (Fig. 4A) . These findings suggest that fliC genes or fliC-containing regions of these subgroups have suffered various kinds of genetic aberrations. The restriction fragments of the various fliC genes were subcloned as probes for Southern blotting (Fig. 1) . BamHI digests of genomic DNA from each of 12 S. boydii strains were examined with probe G SB , which contains the entire fliC SB gene. No hybrid band was de-tected in strain C12 (data not shown) and the bands detected in the other strains were indistinguishable in size from those detected with probe G SF ( Fig. 2A) . Hybridization of the same digests with probe V SB , part of the central variable sequence derived from the fliC SB gene, showed hybrid bands in only seven strains, and not in the five strains C5, C7, C9, C11 and C12 (Fig. 2B) . To characterize the fliC gene of these five strains and to verify the validity of the V probes, the digests from 12 strains were further tested with other V probes (Fig. 1) ; probe V SF hybridized with the digests from four strains (C5, C7, C9 and C11) of the above five (Fig. 2C ), but probe V SD did not hybridize with any digest from the 12 strains (data not shown). Probes V E and V S , which are part of the central sequence of the fliC E gene and the fliC S gene (Okazaki et al., 1993) , did not hybridize with any digest either (data not shown). These results indicate that the V probes are unable to hybridize with nonhomologous central sequences, and that strain C12 has lost a chromosomal region including the fliC gene, while the four strains C5, C7, C9 and C11 have the fliC gene with the central sequence homologous to that of the S. flexneri fliC SF gene.
Likewise, the fliC gene of S. dysenteriae strains was characterized with various probes. Probe V SD hybridized only with the digest from strain 16 (Fig. 4B left) . It is very intriguing that the fliC gene of the four strains is hybridizable with probe G SF but not with the probe derived from the fliC SD gene. When the digests were hybridized with other probes, strain A2 hybridized with probe V SF (Fig. 4B middle) , and strains A3 and A5 with probe V SB (Fig. 4B right) whereas strain A1 did not hybridize with any of the six V probes tested (Fig. 4B) . To further examine the fliC gene of strain A1, the 5'-and 3'-constant sequences were subcloned from the fliC SD and fliC SF genes, respectively, and used for blotting as probes 5C SD and 3C SF (Fig. 1) . Probe 3C SF was used as a substitute for a 3' probe of the fliC SD gene because IS1 is inserted in its 3'-constant sequence, and the 3'-sequences of the two genes share high homology (Table 2) . Probe 5C SD hybridized with the digests from strains A3, A5 and 16, but not with those from A1 and A2 (Fig. 4C left) while probe 3C SF was able to hybridize with the digests from all the strains (Fig. 4C right) . These results suggest that the fliC gene of strain A1 has lost the 5'-constant and central variable sequences and the fliC gene of strain A2 has lost its 5'-constant sequence, but retains its central sequence, although it is similar to that of the fliC SF gene.
Identification of flagellins produced by the cloned fliC genes
The above experiments showed that some strains in the two Shigella subgroups have fliC genes which are different in the central variable sequence from that of the cognate subgroup. To verify this difference at the level of gene products, first of all, cloning of the fliC gene was again attempted for some strains with different alleles. The fliC allele of S. boydii strain C5, which is hybridizable with probe V SF , and the fliC allele of S. dysenteriae strain A3, which is hybridizable with probe V SB , were cloned as functional genes (pTSB501 for strain C5 and pTSD301 for A3); the ∆fliC strain transformed (91) A pair of nucleotide sequences, 510 to 520 bp for the 5' sequence and 270 to 280 bp for the 3' sequence, was compared by maximum homology alignment. Predicted amino acid sequences within these nucleotide sequences were also compared. The numbers in parentheses show the number of nucleotides or amino acids used for comparison. Homology between the 5' sequences and between the 3' sequences is shown above and under the slanted line, respectively. Subscripts of each fliC gene: SB, S. boydii; SD, S. dysenteriae; SF, S. flexneri; SS, S. sonnei; E, E. coli; S, S. enterica serovar Typhimurium. N, nucleotide sequence; A, amino acid sequence. Nucleotide sequence data: fliC SF and fliC SS , Tominaga et al. (1994) ; fliC E , Kuwajima et al. (1986) and Hanafusa et al. (1989) ; fliC S , Okazaki et al. (1993) ; fliC SB and fliC SD , this study, and these sequences were registered along with their upstream and downstream sequences in the DDBJ, EMBL and GenBank nucleotide sequence databases under accession numbers D26165 and D26166, respectively.
with each of these plasmids was motile. Flagellins produced from the cloned fliC alleles and those from the two transformants each carrying the fliC SF or the fliC SS gene (Tominaga et al., 1994) were tested by immunoblotting with three kinds of anti-H antibodies (Fig. 5) . Flagellins from S. boydii strain C3 and S. dysenteriae strain A3 had identical electrophoretic mobility, and both reacted strongly with anti-H SB antibody (Fig. 5B) , indicating that these two flagellins are alike in molecular mass and antigenic specificity. Flagellin from S. boydii strain C5 reacted with anti-H SF antibody as strongly as did the control flagellin from S. flexneri IID642 (Fig. 5C ), but its mobility was slightly faster than that of the control flagellin. This also indicates that flagellin from strain C5 has the same antigenic specificity as S. flexneri flagellin. The electrophoretic analysis of flagellins also showed that the mobility of S. boydii C3 flagellin is faster than that of S. flexneri flagellin (Fig. 5A ) although the molecular mass of C3 flagellin is estimated at 58 kD by sequence analysis, and is thus higher than that (56.6 kD) of S. 
DISCUSSION
The four S. dysenteriae and 12 S. boydii strains used in this experiment were all nonmotile. The growth behavior of these strains in soft agar (Girón, 1995) was indistinguishable from that of the nonflagellate control, S. dysenteriae strain 16 (Al Mamun et al., 1996) . The two S. dysenteriae strains, A1 and A2, had deletions in the fliC gene (Fig. 4) . These deletions appear to be causes of flagellar loss in these strains, although they might not be the primary cause. In the previous work (Al Mamun et al., 1997) , we showed that the fliE and fliF operons in the region III cluster of six S. boydii strains (C1, C3, C4, C5, C8 and C9) have undergone genetic rearrangements. The lack of motility of the S. boydii strains seems to be attributable in part to these defects.
The sequence analysis of the S. boydii fliC SB (strain C3) and S. dysenteriae fliC SD (strain 16) genes revealed that these two genes share high homology, and closely related to the E. coli fliC E gene. Comparison of nucleotide and amino acid sequences among the six fliC genes revealed that the four genes fliC SB , fliC SD , fliC SF , and fliC E , are highly homologous in their constant sequences (Table 2) and can be regarded as one cognate, and that among them the three Shigella genes are much closer relatives with respect to the central amino acid sequences (data not shown). On the other hand, the S. sonnei fliC SS gene shares relatively low homology with the fliC E and three other Shigella genes in the constant and central sequences, but shares the highest homology with the fliC S gene in the 3'-constant sequence (Table 2) . Moreover, expression of the fliC SS gene is repressed by the Salmonella FljA repressor, because the putative operator sequence of the fliC SS gene is almost the same as that of the fliC S gene (Tominaga et al., 1994) . These results indicate that the fliC genes of Shigella subgroups can be divided into two types; E. coli type and Salmonella type.
Southern blotting with probes consisting of the whole or part of the fliC gene from various sources disclosed intriguing characteristics of the Shigella cryptic flagellin genes. Of 12 S. boydii fliC genes, four hybridized with probe V SF from the central sequence of the S. flexneri fliC SF gene (Fig. 2C) . Flagellin from the S. boydii strain C5, one of the four variant alleles, had the same antigenic specificity as the S. flexneri flagellin (Fig. 5C) . Flagellins from the three other variants (C7, C9 and C11) are thus assumed to have the same antigenic specificity as C5 flagellin. The 5'-constant region and part of the central region of the fliC gene from strain C5 was sequenced (data not shown). The predicted amino acid sequence (222 amino acids) of C5 flagellin was highly homologous to that predicted from the fliC SF gene. Variant fliC alleles were also found among the five S. dysenteriae strains examined; one strain, A2, had a fliC gene hybridizable with probe V SF , as in the four S. boydii strains, and two strains, A3 and A5, had fliC genes hybridizable with probe V SB from S. boydii strain C3 (Fig. 4B) . Flagellin from the A3 allele was ascertained to have the same antigenic specificity as the flagellin from S. boydii strain C3 (Fig. 5B) .
The presence of variant fliC alleles in S. boydii and S. dysenteriae suggests that an ancestor of these variants once received an entire fliC gene or part of it from a strain of other subgroups in some evolutionary age, and has since evolved by accumulating various mutations in many genes, including those somatic antigens, to differentiate into existent serotypes. It is inferred from this assumption that S. boydii strains C5, C7, C9 and C11, which carry the fliC SF -like allele, are derived from a common ancestor, and S. dysenteriae strains A3 and A5, which carry the fliC SB -like allele, also share an ancestor. A recent study of the evolutionary relationships of all Shigella serotypes (Pupo et al., 2000) revealed three new major clusters, which includes strains from different subgroups. It is interesting that S. boydii and S. dysenteriae strains, which carry the fliC SB -like allele, are classified into cluster 1, and the strains carrying the fliC SF -like allele are classified into cluster 2, but S. flexneri strain, which carries the fliC SF gene, is classified into cluster 3. It is inferred from this new classification that Shigella strains in cluster 1 are derived from a common ancestor carrying the fliC SB gene, and strains in clusters 2 and 3 are probably derived from a common ancestor carrying the fliC SF gene. As a result, the fliC SD gene is intrinsic to S. dysenteriae strain 16, although this gene is nonfunctional on account of the IS1 insertion.
These results and our previous studies show that Shigella subgroups contain four cryptic fliC antigens as far as examined, suggesting that Shigella strains are derived from at least four ancestors. This supports the ideas that Shigella strains are not derived from a common ancestor (Pupo et al., 2000) , and division into Shigella subgroups, except S. sonnei, may not precisely reflect natural relationships. Since the S. sonnei subgroup, which contains the fliC gene of Salmonella type, is a single clone (Karaolis et al., 1994) , this subgroup seemed to be derived from a distinct ancestor.
The experiments described here will be useful in considering the evolutionary divergence of Shigella strains, and they also show that Southern blotting with V probes is useful as a new tool for typing various strains in Shigella spp..
